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2Introduction
Research efforts were undertaken to explore the 
possible role of free radicals in plant-disease 
interactions. The system ch 'n for study was the 
interaction between various soybean cultivars and races of 
Phytophthora mesaspermo f. sp. glycinea . This system was 
chosen due to the large amount of biochemical and 
pathological knowledge that years of research have 
uncovered. It has been shown that this interaction leads to 
the release of low molecular weight compounds by the plant 
through an RNA-dependent process. These compounds, called 
phytoalexins, are toxic to microorganisms and serve as plant 
antibiotics. It is believed that the plant recognizes the 
pathogen through elicitors on the pathogens cell surface. 
These compounds, characterized as proteins, glycoproteins, 
and carbohydrates, can alone elicit the production of 
phytoalexins in in vivo experiments (Paxton).
Many phytoalexins have been characterized and some can 
be seen in figure 1. Note that the phytoalexins, in
general, contain branched phenolic groups which are 
considered good precursors for free radicals under certain 
conditions (Paxton).
The plant-pathogen interaction is usually complete 
within 48 hours when mycelium is placed in a wound -- that
Iis, either the plant or the pathogen is killed within this 
time. This time is usually increased to 72 hours when 
zoospores are the method of infection, but both time frames 
make this reaction more pleasant to study than Ion* term 
disease interactions.
The high reactivity of free radical compounds and their 
potential for chaotic reactions has led to their study in 
mammal inflammatory cells. In this case, it has been shown 
that invasion by microorganisms leads to the production of 
the superoxide radical by the cell. Through the Haber-Weiss 
reaction, it has been shown that this leads to lipid 
peroxidation and changes in membrane permeability for both 
the host and the pathogen. It is encouraging that lipid 
peroxidation is also evident in plant cells undergoing a 
response to a pathogen (Epperlein, at ml).
In vitro studies of phytoalexins have shown that upon 
irridation with ultraviolet light, free radicals were 
formed. When the phytoalexins were combined with glucose-6- 
phosphate dehydrogenase and photoirridated, the enzyme was 
inactivated. Thus, their toxicity to living systems was 
exemplified. The addition of a free radical scavenger to 
this system resulted in the active form of this enzyme. 
Thus, the possibility of phytoalexins forming free radicals 
which are biologically detrimental was established (Bakker, 
mt ml) .
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Initial efforts by Michael Albertson. former member of 
the Belford group, showed that plants infected by PMG 
mycelium through a wound produced a greater concentration of 
free radicals than a plant that was simply wounded 
(Albertson).
Since the plant is normally invaded by the pathogen via 
zoospores produced by the mycelium in field conditions, we 
have decided to study this system using this form of the 
fungus (Eye, et ai). Greater control over the amount of 
fungus applied and reproducibility of the wound size were 
important considerations. The overall objective was then to 
study various interactions to determine what role, if any* 
that free radicals have in plant-disease interactions using 
electron spin resonance as a tool.
Materials and Mftlh&ds 
Plant and Fungal Preparations
5
Plants were grown to the age of 14 days in the 
greenhouse at Turner Hall. Faster growing conditions in the 
warner months and slower conditions in the cooler nonths 
were compensated for in the length of growing time 
Cultivars grown included Harosoy, Williams* and Wi 11iams~$2, 
Zoospores were produced by rinsing mycelium of the 
various races, grown on lima bean agar, at intervals with 
sterile distilled water (Eye, et aJ). Zoospore
concentrations were then normalized to approximately 50,000 
zoospores per ml.
Susceptibly Reactions- Cultivar and Race Combinations
Williams - EMQ-J 
Williams-82 -PMC-12 
Harosoy -PMG-1
Plants were harvested and placed in distilled water. 
Solutions of zoospores were drawn into a syringe and 
injected into the plant hypocotyl section of the stem until 
the solution overflowed out of the stem. A 26 gauge needle 
was used for the injection. Previous radioactive 
experiments determined the average stem capacity to be 4.6 
microliters. Plants were maintained in distilled water
until sectioned.
Res i s tant Reactions Combination:
Williams 82 - PMG-1
Same method of inoculation as Susceptible Reactions. 
Wounded Reaction- Williams-82 (control)
Plants were wounded with a 26 cause needle but steri}Q 
distilled water was injected in place of a zoospore 
solution. Plants were maintained in distilled water until 
sectioned.
Non-pathoaen Toxic Reaction Williams cultivar were 
harvested and wounded at the hypocotyl. Mercuric Iodide was 
then placed in the wound and the plants were maintained in 
distilled water until sectioned.
El ici tor Reaction- An elicitor solution was obtained from 
Dr. Paxton. Williams cultivar were harvested and injected 
with the elicitor solution in the hypocotyl. A 26 gauge 
needle was used. Plants wer< maintained in distilled water 
until sectioned.
Sp. Ld. L&bftl Study
Susceptible Reaction- Williams cultivar were harvested 
and grown in .667mmol Tempol solution for 72 hours. After 
72 hours, one-half of the plants were wounded and the rest 
were wounded and inoculated with PMG-12 mycelium. The 
plants were maintained m  .667mmol Tempol until sectioned.
Resistant Reaction- Harosoy cultivar were harvested and 
grown in .667mmol Tempol for 72 hours. One-half of the
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7plants vere wounded and the other half were wounded and
inf ec ted with PMG-12 myce 1 ium • The plan ts were ma inta i ned
in ,667mmol Tempol until sect i oned.
Kinetic studies were done for the above systems .
Between 3 and 5 plants were used for each time frame in the
s tudy . A one centimeter sect ion centered on the inocula Mon
s ite was taken from each stem • The 3-5 plant stem sect ions
from euch time frame were pi aced in vials and suspended in a
dewar of liquid nitrogen . A1bertson (1986) showed that
keeping the stems in liquid ni trogen did not eff ec t the
s igna strength for up to two months. Thus, we do not
expect radical decay. Note that t=0 is designated as the
time of either infection or wounding, depending on the
experiment.
Procedures in Obtaining Spectra 
In each experiment, spectra were obtained using a 
Varian X-band EPR spectrometer at liquid nitrogen
temperatures. Plants were maintained at liquid nitrogen 
temperatures while in the cavity by inserting the stems in a 
finger dewar which was placed inside the cavity. Samples 
were stabilized in the dewar by placing a standard quartz 
FPR tube on top of them.
Spectra were obtained using a dual cavity. A schematic 
of the cavity and the field lines can be seen in figure 2.
8The choice of the dual cavity allows us to negate the 
effects of the different water content in each plant sample. 
Since water has a high dialectric constant, the field inside 
the cavity is effected and thus the signal will vary 
according to water content even in the case of equal radical 
concentration. In the dual cavity* the environment felt by 
the sample will also be felt by the reference sample. A 
switching box enables us to modulate each part of the cavity 
independently. Thus, we obtain two spectra for each sample- 
one for the sample and one for the reference. Proper data 
analysis allows us to measure the concentration of the 
sample.
Weak pitch, which has been characterized and 
standardized, was chosen as the reference. This hydrocarbon 
radical has a similar g-value to the sample radical so that 
at constant microwave frequency, they appear at nearly the 
same field.
In order to prevent condensation on the dewar while it 
was in the cavity, a constant flow of gaseous nitrogen at 2 
psi was allowed into the cavity.
In each case, the modulation amplitude of the sample 
and the reference were equal.
According to electron spin resonance theory, the 
radical concentration of a sample irr proportional to 
integral of the absorption curve at varying fields. 
instrument used in this experiment reports the absorption of 
microwaves in the form of a first derivative of the 
absorption curve. Thus, the double integral of the spectra 
is proportional to the radical concentration. More simply, 
it has been shown that at constant modulation amplitudes, 
the ratio of radical concentrations between two samples is 
proportional to the ratio of the peak-to-peak distances of 
the first derivative curve of the samples. Therefore we can 
relate the radical signal of one sample in terms of a 
multiple of the concentration of another signal, assuming 
equal modulation amplitudes (Wertz and Bolton).
Thus, if:
Ps= peak-to-peak amplitude of the sample 
P* = peak-to-peak amplitude of the reference 
Gs= receiver gain when modulating the sample 
Gr= receiver gain when modulating the reference 
Then we can relate the radical concentration of the 
sample by the following ratio:
[sample radical)r(P./P.)x(G./G.)x[reference sample]*
*- note that (reference staple] is standardized and equa! to 1014 spins,
10
Sample radical concentrations were reported in th 
as a multiple of the weak pitch radical concentration 
average of the 3-5 plant stem concentrations per time 
were averaged and this average was graphed accordingly
data 
The 
f rame
IResults and Piscussion
A typical spectra can be seen in figure 3. This 
spectra represents the reaction of willians-82 with PMG-12 
(susceptible) at a time of 72 hours after inoculation. 
Using the right-hand side as an example, the linewidth of 
this signal is 9 Gauss. By using the equation hvsgBH, ve can 
compute the characteristic g-value at liquid nitrogen 
temperature.
h= 6.626x10“** J/s (constant)
vs 9.3310x10* s"1 (from spectra)
€■ ?
B= $1.274x10"14 J/T (constant)
Hr. .3330 T (conversion from G to T-from spectra)
Computation leads to a g-value of 2.002. These values 
are very close to those of the signal obtained by 
photoirridating a solution of phytoalexins. This, of 
course, does not prove that these signals are the same, but 
rather that we cannot show at this point that they are 
dif ferent.
Figures 4 through 7 point out the differences in 
radical production between plants undergoing a susceptible 
reaction and those undergoing a resistant reaction. In the 
susceptible reaction (figures 4-6), the radical 
concentration inside the plant rises dramatically. Although
- 11 -
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&11 the reactions occur to a differing degree, the trend 
seems to be a fairly linear increase in radical production 
between 12 and 48 hours. The wounded control• graphed 
alongside the susceptible reaction, showed no such increase 
over time. If we assume that the radical is * direct
Product of phytoalexin compounds produced by the plant, the 
time frames of radical and phytoalexin production correlate 
<luite well. Depending on conditions, phytoalexins ore 
slowly produced within the first 15 hours of infection and 
then rapidly produced for the next 10 hours (Hahn, *!>•
Thus, the production of radicals after 25 hours could be
attributed to phytoalexins that had not yet been transformed 
to a radical state due to physical or enzymatic constraints. 
Such results also indicate that the radical w® are 
recording is not involved in the elicitation of phytoalexins 
since the increase occurs after the production of these
compounds. The graph of the resistant reaction (Figure 7) 
showed a much different case than the susceptible reaction. 
The resistant reaction showed no significant increase in 
radical production when compared to the wounded control. 
Several theories as to why this was the case have been 
formulated. The first was that the radical was being 
produced by the fungus to damage the plant instead of vice* 
versa. This theory can be reduced in importance by elicitor 
studies that will be looked at later.
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A second theory is that although there is a greater 
phytoalexin production per cell in a resistant than a 
susceptible reaction, fewer cells become involved in the 
process of defending the plant in the resistant reaction 
because the disease is eliminated quickly. In the
susceptible reaction, the disease spreads along the plant 
and many cells become involved in fighting the disease. 
Remember that we record the radical concentration per one 
centimeter section of stem, not per cell. Thus, we would 
expect this type of result if the second theory is correct.
A third theory is that in the case of the phytoalexins 
produced in the susceptible reaction, these phytoalexins do 
not bind well to the surface of the pathogen and many remain 
free. The lack of binding would be consistent with the fact 
that they are not effective in defeating the pathogen 
Therefore, the theory hypothesizes that radical production 
from the phytoalexins is dependent on the radicals being 
unbound. Since the phytoalexins produced in the resistant 
reaction are effective, they bind to the surface of the 
pathogen and are not converted to radical compounds.
Another theory to explain the results is that the 
radical production is due to the death of the plant and is 
not specific to the plant-pathogen interaction.
A final theory maintains that a method of destroying
14
the rad i ca1s produced i s necessary to d e f eat the f ungus.
Thi s assumes the i> 1 an t takes an active role in getting rid
of these compounds in a res i s tant reac t ion .
The final experiments were undertaken to prove or 
disprove the above theories. In order to test whether or 
not the radical seen is due to the dying plant material and 
is not specific, the plant was treated with a non-specific, 
non-living compound that would cause cell death. The 
addition of mercuric iodide to a wound caused plant death in 
a matter of 24 hours similar to that of a susceptible 
reaction after 72 hours. Figure 8 shows the change, or lack 
of change, in the radical concentration in this case 
compared to that of a susceptible reaction. The figure 
shows no significant change in radical concentration as a 
result of this process.
As stated in the introduction, the plant uses 
elicitors, which are proteins,glycoproteins, and 
carbohydrates attached to the fungal cell wall, as a cue to 
start producing phytoalexins. When these compounds are 
injected into the plant hypocotyl, the plant responds as in 
figu • Note that there is a large increase in the free 
radi a cu centration within the first 6 hours, and then the 
love) deer fise, o er nt next 18 hours and then remains 
com 1 m t . lit co^parisc i, the '»oun *ed stem showed no such 
incr ase within ti first l hours. Problems in storage led
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to the loss of the rest of the time frames for the wounded 
reaction, but by previous wounded data we would expect the
level to stay relatively constant.
Data for the spin label studies can be seen in figures 
10 and 11. Again the results are different for the 
susceptible and resistant reactions. The purpose of these 
studies was to see if there is a radical degradation 
mechanism present that is important in disease resistance. 
In this experiment, we monitor not the radical change seen 
in the previous experiments but rather concentration change 
in the spin label radical. The Tempol (see figure 12) has a 
distinct line shape that is different than the one produced 
by the plant. When the plant is infected with a virulent 
fungus (susceptible reaction) , the concentration of the 
spin label rises dramatically after about 21 hours. In the 
same time frame, the concentration in the wounded plant 
remains relatively constant. In contrast, the resistant 
reaction shows an increase in the first 24 hours and then 
decreases below its original level at t = 0.
One explanation for this difference is that upon 
infection, the plant absorbs more water per cell regardless 
of whether the reaction is resistant or susceptible. Since 
the plants are maintained in the Tempol solution throughout 
the experiment, the concentration of the spin label
I- 1C
initially increases in both the resistant and susceptible 
reaction. It is further assumed that the resistant plant is 
able to degrade these radicals whereas the susceptible plant 
cannot. This interpretation would fit the data of this 
particular study.
The radical that is produced by the plant has yet to 
be characterized further than its linewidth and g-value. 
There have been studies done to determine the way in which 
certain heterocyclic compounds, such as phytoalexins, 
produce free radicals upon photoirridation. One such study 
concluded that this occurred by the method shown in figure 
13. If the radical we monitor is a derivative of 
phytoalexins, this is one probable structure (Fourie, et 
al) .
Further studies of this compound are soon to be 
completed using double resonance techniques. This will 
allow one to get a better idea of the local environment of 
the radical. Many stems were homogenized and placed in a
t
quartz EPR tube to use as a sample since double resonance 
techniques require a much larger radical concentration than 
for EPR. Prel iminary studies show that such a concentration 
has been achieved and results will be forthcoming. In
all of the studies in which we followed the radical produced 
by the plant, there was a background signal present. This 
signal was originally believed to be due to the photosystems
Iwithin the plant cells. Literature suggested that this was 
due to photosystem II and that this signal should decay if 
the plants were placed in the dark. An experiment was 
carried out to test this, and it became evident that the 
background signal is not due to such photosystems.
Experiments to determine if the background is due to 
some fast radical producing process that occurs after the 
plant is cut but before it reaches the liquid nitrogen were 
also carried out. Again, this was not the case and the 
background signal continues to be a mystery.
- 17 -
18
Cone 1 us i ons
Several conclusions can be drawn from the data 
collected. First and foremost, the change in radical
concentrat ion over tine is different in a suscepti ble
reaction than it is in a resistant reaction. This would
indicate that if these free radicals are speci fic for the
plant-pathogen interac t ion, than at the very least they
serve as a marker of the type of response it is undergoing•
The fact that the radical appears slightly after the the 
plant begins to produce phytoalexins indicates that, if we 
assume the radicals to be derivatives of the phytoalexins* 
we are in the correct time frame. The fact that 
phytoalexins can produce free radical compounds and that the 
signals we obtain are indistinguishable to those compounds, 
in addition to the time correlation, lead us to believe that 
the assumption that the radicals we observe are phytoalexin 
derived may well be the case.
Through the experiments using mercuric iodide and 
elicitors, we are able to prove some degree of specificity. 
The fact that we did not see a radical increase in the dying 
plant infected with a non-living agent allows i*s to conclude 
that the radical response is not due to the plants dying
process. Further and more important conclusions about
specif icity were cained through the use of elicitors, It
19
was shown that for a reaction in which phytoalexins are 
produced without the presence of the disease itself, free 
radicals are produced. This allows us to conclude that the 
radicals we observe are not produced by the pathogen but 
rather by the plant in response to the pathogen. The 
production of free radicals in this experiment also support 
the theory that the radicals are a product of the 
phytoalexins produced. Thus, we have produced sufficient 
data to assume specificity of radical production to the 
plant-pathogen system.
We are not able to draw any specific conclusions from 
the spin label study that was performed at this time. It is 
quite possible that there is a mechanism by which the 
resistant plant degrades radicals in the system, but further 
work needs to be done using spin labels and this model. 
Preliminary results given in this thesis certainly do not 
disprove such a model.
Several of the models mentioned in the discussion 
section have survived from the data obtained. The theory 
that the radicals are a product of phytoalexins, whether 
only produced when unbound or only seen when many cells are 
involved in the response, seem especially promising at this
point.
20
Recommendations
After following and working on this project for several 
years, I believe that we have arrived at the proper 
Procedures to infect and study the system. The time has 
come now to investigate the theories as to how the system is 
Using this radical production in response to the pathogen. 
In order to do this, we have to have a more definite answer 
*s to the identity of the radical. Even though all the 
fingers point to a phytoalexin derivative, quantitative 
Proof of this is essential.
I also believe that the use of spin labels in some of 
the experiments have shown some interesting preliminary 
results. Further use of these compounds could add to our 
knowledge of how radicals behave in the plant cell 
environment.
The tremendous amount of time involved in growing the 
plants, producing zoospores, end taking spectra make it 
necessary to be able to compare data between separate 
experiments in a quantitative way. The only way this can be 
achieved is to agree upon a set of guidelines as to how the 
experiments should be run in every experiment. 
Unfortunately, living systems, regardless of their genetics, 
do not behave equally in any situation. But by controlling 
such things as growing environment and zoospore
21
concentrations, we can be even more certain that comparisons 
between experiments are valid.
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